cancer: small-cell lung cancer, which accounts for 15% -20% of all lung cancers, and non -small-cell lung cancer (NSCLC), which accounts for the remaining 80% -85% ( 1 , 6 ) . NSCLC is further subdivided into three major types: adenocarcinoma, large-cell carcinoma, and squamous cell carcinoma. The most common genetic lesions found in the tumors of NSCLC patients include mutations in the TP53 gene, activating mutations in the epidermal growth factor receptor ( EGFR ) gene, and oncogenic mutations in the K-RAS gene ( 5 , 7 ) . Thus, novel agents that target EGFR and/or the RAS family of proteins are likely to be appropriate as lung cancer therapies.
The RAS family of proteins (ie, H-RAS, K-RAS, and N-RAS) are small, evolutionarily conserved GTPases that function as a molecular switch to transmit signals from receptor tyrosine kinases, such as epidermal growth factor receptor 1 (EGFR) and human epidermal growth factor receptor 2 (HER2/Neu), to downstream effector proteins (eg, RAF/MEK/MAPK, PI3K, and RAL) that control cell proliferation, differentiation, survival, and apoptosis in all multicellular organisms ( 7 , 8 ) . The central importance of RAS activation in neoplastic transformation and oncogenesis is well established. Oncogenic (ie, mutant) K-RAS proteins, hyperactivated forms of RAS that are stuck in a GTP-bound active state, occur frequently in lung cancers ( 9 , 10 ) : 20% -25% of lung cancers (mainly adenocarcinomas and large-cell carcinomas) carry oncogenic K-RAS gene mutations ( 9 , 11 ) . In addition, overexpression and amplifi cation of EGFR , which encodes a membrane receptor tyrosine kinase that activates the RAS signaling cascade, has been identifi ed in 50% of the lung cancers that harbor a wildtype K-RAS gene ( 5 , 12 ) . EGFR overexpression and amplifi cation is associated with lung tumorigenesis and oncogenesis and sensitivity of lung tumors to anti-EGFR drugs ( 5 , 12 -14 ) . EGFR and K-RAS mutations rarely occur in the same tumor; thus, collectively, the inappropriate activation of EGFR and/or RAS signals promotes tumorigenesis in more than 70% -75% of lung cancers ( 5 , 7 ) .
Several anti-EGFR agents, including the small-molecule inhibitors gefi tinib and erlotinib and the anti-EGFR monoclonal antibody cetuximab, have demonstrated promising but limited clinical effi cacy, conferring a median survival advantage of 2 months or less in randomized trials of patients with relapsed advanced-stage NSCLC when used as monotherapy or in combination with standard chemotherapies when compared with standard chemotherapies ( 15 -21 ) . The limited clinical success of anti-EGFR therapies is somewhat surprising because more than half of all lung tumors have EGFR amplifi cation: one might, therefore, expect a more dramatic improvement in patient survival with targeted anti-EGFR therapies. Thus, there is a need to fi nd better and more effective anticancer therapies that block EGFR and/or K-RAS hyperactivation in lung cancer ( 22 ) .
We asked whether inhibiting the function of an essential and conserved downstream gatekeeper component of the RAS signaling pathway instead of an upstream signaling component such as EGFR would be an effective alternative strategy to block the activated EGFR and/or RAS signaling, reduce tumor burden, and improve patient survival in lung cancer. The components we chose to study are the two human homologs of the Drosophila protein seven-in-absentia (SINA). In Drosophila , SINA encodes a RING fi nger -containing E3 ubiquitin ligase that is essential for RAS signal transmission and is the most downstream component in the RAS signal transduction pathway identifi ed to date ( 23 -25 ) . SINA belongs to an evolutionarily conserved family of RING fi nger -containing E3 ubiquitin ligases; the human genome has two seven-in-absentia homologs (SIAHs), SIAH-1 and SIAH-2, which share 76% and 68% amino acid identity, respectively, with Drosophila SINA protein ( 26 ) . As an E3 ligase, SINA confers specifi city to proteasome degradation of substrates and is required for the ubiquitin-dependent regulated proteolysis in the RAS signaling pathway ( 25 ) . Mammalian SIAHs are thought to have a role in tumorigenesis by interacting with and modulating the stability of signaling molecules in oncogenesis, including ␤ -catenin; prolyl-4-hydroxylases that control the stability of the hypoxia inducible factor-1 ␣ ; tumor necrosis factor receptor 2 -associated factor; NUMB, a NOTCH-interacting membrane protein and cell fate regulator; a cyclin-dependent kinase activator called rapid inducer of G2/M progression in oocytes; and Sprouty, a negative regulator of receptor tyrosine kinase signaling ( 27 -37 ) . However, except for Sprouty ( 35 -37 ) , none of the 28 SIAH -interacting proteins identifi ed thus far has been shown to function as a bona fi de signaling component in the mammalian RAS signaling pathway. Decreased
CONTEXT AND CAVEATS

Prior knowledge
Activating mutations in the epidermal growth factor receptor ( EGFR ) gene and oncogenic mutations in the K-RAS gene are among the most common genetic lesions found in non -small-cell lung cancers. A human homolog of Drosophila seven-in-absentia --SIAH-2 -is a conserved downstream component of the EGFR/RAS pathway that is required for mammalian RAS signal transduction. Targeting SIAH-2 might be an effective strategy for blocking lung tumor growth and cell proliferation.
Study design
The effects of lentiviral expression of a dominant-negative protease-deficient mutant of SIAH-2 and of a short hairpin RNAmediated gene knockdown were assayed in normal human lung epithelial cells, in human lung cancer cells, and in athymic nude mice.
Contribution SIAH-2 deficiency in human lung cancer cell lines reduced MAPK signaling, inhibited cell proliferation, and increased apoptosis compared with SIAH-proficient cells. SIAH-2 deficiency also reduced anchorage-independent growth of lung cancer cells in soft agar, and blocked the growth of lung cancer cell -derived tumors in nude mice.
Implications
SIAH-2 may be a viable target for novel anti-RAS and anticancer agents aimed at inhibiting EGFR and/or RAS-mediated tumorigenesis.
Limitations
The lung cancer cell lines and the nude mouse cancer models may not reflect the heterogeneity and complexity of human tumors. The lentiviral vector used to deliver the anti-SIAH-2 agents into the tumor cells may induce toxicity in cancer patients.
From the Editors
Downloaded from https://academic.oup.com/jnci/article-abstract/100/22/1606/2519138 by guest on 20 April 2019 expression of Sprouty accelerates tumor malignancy in non -smallcell lung cancer, confi rming that RAS pathway activation promotes lung tumor progression ( 36 ) . Given the central importance of EGFR and/or RAS activation in driving cellular transformation and tumorigenesis in human lung cancer and the evolutionary conservation of the RAS/SIAH pathway, we examined the effect of blocking the function of the SIAH E3 ligases on RAS-mediated cellular transformation and tumorigenesis in lung cancer cells.
Materials and Methods
Cell Culture
Human immortalized normal bronchial epithelial cells (BEAS-2B), H-RAS -transformed BEAS-2B cells (BZR), human lung cancer cell lines with oncogenic K-RAS proteins (A549 and H727), human lung cancer cells with wild-type K-RAS (UMC11), and an early passage ( # 17) of human embryonic kidney 293T cells for pLentiviral packing were purchased from American Type Culture Collection (Manassas, VA). The 293T, BEAS, BZR, A549, H727, and UMC11 cells were grown in Dulbecco's modified Eagle medium (DMEM) or RPMI medium (Gibco Invitrogen Corporation, San Diego, CA) supplemented with 10% heat-inactivated defined fetal bovine serum (FBS; Hyclone, Logan, UT) and 100 units/mL penicillin -streptomycin (Gibco Invitrogen Corporation) following standard tissue culture procedures. Human ovarian surface epithelial (OSE) cells expressing a temperature-sensitive SV40 large T antigen (OSEtsT) were kindly provided by Dr Kimberly B. Kalli (Endocrine Research Unit, Mayo Clinic Cancer Center, Mayo Clinic, Rochester, MN). The OSEtsT cells were maintained in a mixed medium that is made of 1:1 mixture of two commercial media: one is the MCDB105 medium (Sigma, St. Louis, MO) and another is the Medium 199 (Invitrogen Corporation, San Diego, CA). The mixed medium was supplemented with 15% heat-inactivated defined FBS. This mixed medium is optimized for growing OSEtsT cells. The OSEtsT cells grow at 34°C and are not immortalized. In order to inactivate SV40 large T antigen, the OSEtsT cells were incubated at higher temperature, 39°C, for 72 hours to allow for large T antigen degradation to stop cell proliferation and "normalize" these OSEtsT cells. Except for the OSTtsT cells, all the human cells listed above were maintained in a Series II water-jacketed CO 2 tissue culture humidified incubator (Thermo Forma, Marietta, OH) at 37°C, 5% CO 2 , and 21% O 2 .
Generation of Monoclonal Antibodies That Recognize SIAH and SINA
Two SINA peptides for monoclonal antibody (mAb) generation in mice were synthesized by Dr David King at the University of California at Berkeley: a 27-amino acid peptide (SINA C peptide, C -GG-FDTSIAQLFADNGNLGINVTISLV ) corresponding to a highly conserved carboxyl terminal region in Drosophila SINA and the human SIAHs, and a 17-amino acid peptide (SINA N peptide, SNKINPKRREPTAA -GGC) from the variable region in the amino terminus of the Drosophila SINA protein (the peptide sequences in bold font represent the amino acids in SINA protein). The SINA N peptide was conjugated to mouse serum albumin (Cat # A3559; Sigma) via carbodiimide; the SINA C peptide was insoluble and was not conjugated to a carrier protein. The adjuvant used was the RIBI adjuvant system (Corixa Corporation, Seattle, WA), a stable oil-in-water emulsion that contains two bacterial and mycobacterial cell wall components, monophosphoryl-lipid A (detoxified endotoxin) from Salmonella minnesota (MPL) and trehalose dicorynomycolate, to provide a potent stimulus to the immune system of mice. The SINA C peptide or the SINA N peptide conjugated to mouse serum albumin was emulsified in RIBI adjuvant by vigorous vortexing and the mixtures were injected into mice for immunization and mAb production ( 38 ) . Four mouse anti-SINA mAbs that recognize both SINA and SIAH by immunoblotting and immunochemical staining were generated. Two (8G7H12 and 4B4B6) were raised against the SINA C-terminal peptide, and two (24E6H3 and 22B9B5) were raised against the SINA N-terminal peptide. The 24E6H3 mAb is particularly useful for immunohistochemical staining on paraffin sections and is highly specific for proliferating human cells ( 39 ) .
Human Lung Tumor and Adjacent Normal Tissue Samples
Lung tumor and normal tissue samples were obtained from 33 cancer patients with confirmed diagnoses who underwent resection and were participating in an ongoing lung cancer research program at the Mayo Clinic ( 40 ) . The paraffin-embedded lung specimens were histologically reviewed and classified according to the World Health Organization Classification of Lung Tumors and American Joint Committee on Cancer Cancer Staging ( 1 , 41 ) by a single experienced pathologist (M. C. Aubry). Normal lung tissue was also obtained from 17 of these patients and consisted of lung tissue that was adjacent to the lung cancer and confirmed to be free of tumor cells upon review by the study pathologist (M. C. Aubry): seven pairs of tumor -normal specimens were collected from patients diagnosed with large-cell lung cancer and 10 pairs were collected from patients diagnosed with squamous cell lung cancer. Following surgical resection, sections from the human lung tumors were fixed immediately in 10% neutral-buffered formalin (pH 7.0) overnight and embedded in paraffin blocks following standard procedures. In addition, biopsy samples of a lung metastasis from a colorectal cancer patient who had undergone radiotherapy for local control of the lung metastasis were also used in this study to examine the effect of radiation on SIAH expression in cancer. All specimens used were formalin-fixed and paraffinembedded tissues. Material was obtained with proper Institutional Review Board (IRB) approval, and all lung cancer patients provided written informed consent for the use of their biospecimens for research.
Histology and Immunohistochemistry
Immunohistochemical staining was performed on formalin-fixed, paraffin-embedded human lung tumor and normal tissues. Tissue sections (5-mm thick) were deparaffinized in xylene, rehydrated in a graded ethanol series and distilled water, and stained with hematoxylin -eosin (H & E), the SIAH mAb 24E6H3, or antibodies against EGFR, phospho-ERK, and von Willebrand factor (vWF). The anti-SIAH 24E6H3 mAb was used at a 1:40 dilution. Antigen retrieval for sections to be stained with the mouse anti-SIAH mAb was performed by incubating the slides in 1 mM EDTA pH 8.0 in a 98°C -100°C steamer for 30 minutes. We used the mouse mAb against EGFR provided in the EGFR PharmDx kit (clone HER1; DAKO, Carpinteria, CA) without further dilution. Sections stained with the EGFR mAb were pretreated with proteinase K, according to instructions provided with the kit. A rabbit antiphospho-ERK polyclonal antibody was purchased from Cell Signaling (Beverly, MA) and used at 1:750 dilution. Antigen retrieval for rabbit anti-phospho-ERK antibody staining was performed by incubating the slides in 1 mM EDTA (pH 8.0) in a 98°C -100°C steamer for 30 minutes. A rabbit polyclonal antibody against vWF was purchased from DAKO (Cat # A0082) and used at 1:1000 dilution. The vWF staining did not require antigen retrieval. Mouse anti-Ki67 mAb (clone MIB-1) was purchased from DAKO (DAKP Cat # M7240) and used at 1:100 dilution. Antigen retrieval for mouse anti-Ki67 mAb staining was performed by incubating the slides in 1 mM EDTA pH 8.0 in a 98°C -100°C steamer for 30 minutes. The rabbit primary antibody binding was detected using ENVISION-PLUS-HRP (Rabbit Cat # K4003, DAKO) and a 3,3-diaminobenzidine (DAB) kit (Cat # K3468, DAKO). The mouse primary antibody binding was detected using Dakocytomation peroxidase -conjugated ENVISION Dual link system (Mouse and Rabbit, Cat # K4061, DAKO) and a DAB kit. All staining was performed at the Mayo Clinic Tissue and Molecular Analysis Core Facilities.
Reverse Transcription -Polymerase Chain Reaction
The relative expression levels of SIAH-1 and SIAH-2 mRNA transcripts in human lung epithelial cells were determined by reverse transcription -polymerase chain reaction (RT -PCR) analysis. Briefly, total RNA was isolated from human lung epithelial cells (BEAS-2B, BZR, A549, H727, and UMC11) with the use of the Qiagen RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's protocols, and 4 µ g was used to reverse transcribe complementary DNA (cDNA) by using the First-Strand cDNA Synthesis Kit for RT -PCR (AMV) (Roche, Indianapolis, IN). The synthesized cDNAs were diluted in 500 µ L of diethylpyrocarbonate (DEPC) -treated double-distilled H 2 O, and 1 -2 µ L of each mixture was used in each 25 µ L PCR reaction for semiquantitative RT -PCR amplification of SIAH-1 and SIAH-2 mRNA transcripts using gene-specific primers and Roche Taq DNA Polymerase Kit (Roche). The SIAH-1 and SIAH-2 mRNA levels for each cell line were normalized to the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an internal control for mRNA quality and equal loading. The cycling conditions for detecting SIAH-1 mRNA transcripts were 94°C for 2 minutes, followed by 30 cycles of 94°C for 1 minute, 59°C for 1 minute, and 72°C for 1.5 minute, followed by 72°C for 10 minutes. The cycling conditions for detecting SIAH-2 mRNA transcripts were 94°C for 2 minutes, followed by 28 cycles of 94°C for 45 seconds, 64°C for 30 seconds, and 72°C for 1 minute, followed by 72°C for 10 minutes. The cycling conditions for detecting GAPDH mRNA transcripts were 94°C for 2 minutes, followed by 30 cycles of 94°C for 1 minute, 55°C for 1 minute, and 72°C for 1.5 minute, followed by 72°C for 10 minutes. The forward and reverse primers for PCR amplification of SIAH-1 cDNA were 5 ′ -ATGAGCCGTCAGACTGC TACAG -3 ′ and 5 ′ -CAGGACTGCATCATCACCCAGT -3 ′ . The forward and reverse primers for PCR amplification of SIAH-2 cDNA were 5 ′ -GCCATCGTCCTGCTCATTGGCA -3 ′ and 5 ′ -ACCAATATGGGAAGGCAGGCAGGAAGGGGC -3 ′ . The forward and reverse primers for PCR amplification of GAP DH cDNA were 5 ′ -AAAGGGTCATCATCTCTGCC-3 ′ and 5 ′ -TGACAAAGTGGTCGTTGAGG-3 ′ , respectively. The PCR products were resolved in a 1% agarose gel and visualized by ethidium bromide staining. The mRNA levels were quantified using BioRad Gel Doc 2000 and BioRad Quantity ONE Software (BioRad, Hercules, CA). ( 39 ) . These mutant SIAH PD proteins disrupt the SIAH-mediated proteolytic pathway by binding and tethering the endogenous SIAH proteins. Two-step PCR was used to synthesize the full-length SIAH mutant transgenes using the following primers: 5 ′ -T C TCCAGTCT C CTTTGACTATGTGTTACCGCCC-3 ′ and 5 ′ -GGGCGGTA ACACATAGTCAAAG G AGACTGGA G A-3 ′ for the SIAH-1 gene and 5 ′ -GAGCTGACCTCGCTCTTCGAGT C TCCGGTCT C C -3 ′ and 5 ′ -G G AGACCGGA G ACTCGAAGAGCGAGGTCAGC TC-3 ′ for the SIAH-2 gene (the mutated residues are underlined). The integrity of both wild-type and proteolysis-deficient SIAH-1 and SIAH-2 transgenes was confirmed by sequencing.
Generation and Expression of
High-fi delity PCR was carried out using both wild-type and proteolysis-defi cient SIAH -1 and SIAH-2 transgenes described above using the following primers: 1) SIAH -1-5 ′ -FLAG-tagged PCR primer with Eco R1 site (underlined): 5 ′ -GGC GAATTC AGG AGAACGCCACCATG GATTACAAGGATGACGACGATA AG AGCCGTCAGACTGCTACAGCATTACC-3 ′ and SIAH -1-3 ′ primer with Xho 1 site for the synthesis of human SIAH-1 WT/PD with a 5 ′ -FLAG tag (bold font and underlined), and 2) SIAH -2-5 ′ -FLAG-tagged primer with Eco R1 site (underlined): 5 ′ -GGC GAAT TC AGGAGAACGCCACCATG GATTACAAGGATGACGA CGATAAG AGCCGCCCGTCCTCCACCGGCCCCAGC GC-3 ′ and SIAH -2-3 ′ primer with Xho 1 site: 5 ′ -GGC CTCGAG T CATGGACAACATGTAGAAATAGTAA-3 ′ for the synthesis of human SIAH-2 WT/PD with a 5 ′ -FLAG tag (bold font and underlined). The cycling conditions were 94°C for 2 minutes, followed by 30 cycles of 94°C for 30 seconds, 56°C for 20 seconds, and 68°C for 1 minute, followed by 72°C for 10 minutes. To introduce both the wild-type (SIAH WT ) and mutant SIAH proteins (SIAH PD ) into human cancer cells, these SIAH PCR products were cleaved with Eco R1 and Xho 1 and subcloned into a pcDNA3 mammalian expression vector under the control of the cytomegalovirus immediateearly gene (CMV) promoter and an human immunodefi ciency virus type 1 (HIV-1) -based lentivirus that allows for coexpression of SIAH and enhanced green fl uorescent protein (eGFP) in a bicistronic fashion under the control of the SFFV promoter ( 39 , 44 , 45 ) .
Production of Lenti-SIAH-shRNA and Lenti-SIAH PD Viruses
We disrupted endogenous SIAH-1 and SIAH-2 function by using two independent anti-SIAH reagents: the dominant-negative mutant SIAH PD proteins and short hairpin RNA (shRNA) -mediated knockdown of SIAH expression. Multiple attenuated HIV-1 -based lentiviral vectors were used to deliver pLenti-SIAH-shRNA knockdown constructs and pLenti-SIAH PD into human lung epithelial cells (BEAS, BZR, A549, H727, and UMC11) following established protocols as described below ( 46 , 47 ) . To prevent viral replication in vivo and to ensure biosafety when handling the HIVbased lentiviruses, we used a three-component plasmid system ( 45 ) that consists of a vector plasmid carrying the gene of interest and eGFP as a marker (pHR-SIN-BX-IRES-Em); a helper plasmid expressing the vesicular stomatitis virus glycoprotein (VSV-G) (pMD-G); and a packaging plasmid (pCMVR8.91) expressing GAG and POL, which were kindly provided by Dr Yasuhiro Ikeda (Department of Molecular Medicine, Mayo Clinic, Rochester, MN). This system was used to transfect HEK 293T cells to generate replication-deficient and self-inactivating lentiviral particles using FuGENE 6 transfection reagent (Roche) following established protocols ( 45 -48 ) . The bicistronic expression vector pHR-SIN-BX-IRES-Em was used to express eGFP alone as a control. The FLAG-tagged SIAH PD and eGFP proteins were coexpressed in the same cells using the bicistronic pHR-SIN-BX-IRES-SIAH PD expression vector. The VSV-G -pseudotyped high-titer lentiviruses were collected from the culture supernatants on days 3 and 4 after infection and concentrated 100-to 1000-fold by ultracentrifugation as previously described ( 49 ) . The viral titer was determined by using viruses diluted from the concentrated lentivirus stocks in a 10-fold dilution series to infect 100 000 HEK 293T cells seeded in 24-well plates in triplicate and counting the number of the GFP-positive cells in each well ( 49 ) . Briefly, 20 µ L of each viral dilution was added to the HEK 293T cells and incubated at 37°C for 2 days. The cells were then resuspended in 500 µ L of PBS by vigorously pipetting, and the percentage of GFP-positive cells was determined by counting GFP-positive cells and total cell number with the use of a hemocytometer. The biologic titer (transduction units [TU]/ µ L) was calculated according to the following formula: ( P × N /100 × V ) × 1/DF, where P is the percentage of GFP-positive cells, N is number of cells at time of transduction (105), V is the volume of diluted viruses added to each well (20 µ L), and DF is the dilution factor ( 49 ) . Human lung epithelial cells (BEAS, BZR, A549, H727, and UMC11) were infected with hightiter lentiviruses that express either eGFP as controls or SIAH PD and eGFP at an infection ratio of 1:20 (cells:viruses). The FLAG-tagged SIAH PD expression levels were analyzed by immunoblotting using an anti-FLAG-M2 mAb at 1:2000 dilution (Sigma) and horseradish peroxidase (HRP) -conjugated goat-anti-mouse IgG secondary antibodies at 1:2000 dilution (Jackson ImmunoResearch Laboratories, West Grove, PA), followed by an enhanced chemiluminescence reaction (Pierce, Rockford, IL) to detect SIAH PD expression. To track viral infection rates, the GFP-positive cells were manually counted among 200 infected cells under an inverted Leica DMIL microscope (North Central Instruments, Minneapolis, MN) and the percentage of viral-infected thus GFP-positive cells were calculated. Judging by the percentage of the GFP-positive cells present in a given cell population, we concluded that more than 90% -95% infectivity was achieved using the lentiviral system to infect the human lung cancer cells (A549, H727, and UMC11), and 80% -90% infectivity was achieved in BEAS and BZR cells.
For shRNA-mediated knockdown, we employed a MISSION Lentiviral -mediated gene-specifi c shRNA system (Sigma) ( 50 ) . The nontarget shRNA control vector plasmid was purchased from Sigma. The fi ve independent shRNA knockdown pLKO.1 plasmids against either SIAH-1 or SIAH-2 gene that target distinct regions (5 ′ UTR, coding region and 3 ′ UTR) of each mRNA transcript were purchased from Open Biosystems (Huntsville, AL) and their genespecifi c target sequences as listed below. The three-component plasmid system was used to produce replication-incompetent hightiter lentiviruses that expressed these shRNA constructs using FuGENE 6 (Roche) transfection reagent in HEK 293T cells following the established protocols as described ( 45 -47 , 49 ) . The high-titer lentiviruses carrying shRNA knockdown constructs were generated, and viral titer was estimated by immunoblotting viral lysates using anti-HIV capsid protein p24 mAb or a commercial p24 Elisa kit (NEN Life Science Products, Perkin Elmer, Boston, MA) ( 49 ) . These lentiviruses expressing SIAH shRNA were used to infect human lung epithelial cells (BEAS, BZR, A549, H727, and UMC11) to knock down SIAH-1 and SIAH-2 mRNA expression. Successful SIAH-1 and SIAH-2 mRNA transcript knockdown was demonstrated by RT -PCR. Two different fi xatives (4% paraformaldehyde and 10% formalin) were used to fi x the pLenti-shRNA -infected A549 cells, and the reduced SIAH expression was determined in the shRNA-SIAH-1 or shRNA-SIAH-2 knockdown cells. The shRNA-SIAH-1 # 3 was effective in knocking down SIAH-1 mRNA transcripts but it was ineffective in suppressing the anchorage-independent growth of lung cancer cells in soft agar. As a result, we decided to pursue SIAH-2 only because the anti-SIAH-2 molecules were effective in blocking cell growth and tumor formation of lung cancer cells in multiple assays. Biosafety Level 2 plus procedures were followed for all assays involving HIV-based lentiviral vectors. The biosafety protocol was approved by the Mayo Institutional Biosafety Committee.
Cell Proliferation Assay
To examine whether SIAH-2 deficiency affects cell proliferation, human lung epithelial cells (BEAS-2B, BZR, A549, H727, and UMC11) were mock infected or infected in triplicate with the pLenti-shRNA-control, pLenti-shRNA-SIAH-2 # 6, pLenti-GFP control, or pLenti-SIAH-2 PD -GFP viruses at a cell:virus infection ratio of 1:20 and then seeded into 24-well tissue culture plates (10 000 cells per well). To obtain each growth curve, a total of 72 wells of seeded cells were counted (3 [triplicate samples] × 8 [days of counting] × 3 [three viral infection conditions, ie, mock-infected control, pLenti-GFP and pLenti-SIAH-2 PD -GFP as one set of experiments and/or mock-infected control, pLenti-shRNA nontarget control and pLenti-shRNA-SIAH-2 # 6 as another set of experiments]). The total number of mock-infected, controlinfected, and therapeutic virus -infected cells in each well was manually counted daily with the use of a hemocytometer for 7 -8 days independently by two investigators (A. U. Ahmed and S. E. Hesse).
Cell Cycle Analysis
Uninfected A549 cells (3 -4 × 10 6 ) in exponential growth phase in 100-mm plates were mock irradiated or lethally irradiated in triplicates with a dose of 20 Gy with the use of a Mark 1 137 Cs Irradiator (source strength: 5000 Ci; JL Shepherd and Associates, San Fernando, CA) and the cell cycle profile was determined as follows. The cells were fixed in ice-cold 70% ethanol for 1 hour, washed three times with phosphate-buffered saline (PBS), and treated with 1 µ g/mL RNaseA (Sigma) for 30 minutes at 37°C. The cells were washed again three times with PBS and resuspended in cold PBS containing 40 µ g/mL propidium iodide (Sigma), and incubated in the dark for 1 hour at room temperature. The DNA content of 20 000 cells from mock-irradiated and lethally irradiated samples was analyzed with the use of a FACS Calibur flow cytometer (Becton Dickinson, Zurich, Switzerland). Flow cytometry data were acquired with the use of linear amplification of the fluorescence area measurement (FL-2) and pulse processing (area verses width) to gate on single events, with 20 cells per event and a total event rate that did not exceed 250 events per second. Data acquisition was set to stop after a minimum of 10 000 events had been collected in the single-event region, and cell cycle phase distribution was analyzed with the use of ModFit LT 2.0 software (ModFit LT version 3.0, Verity Software House, Topsham, ME). To examine whether SIAH-2 expression was sufficient to rescue radiation-induced cell cycle arrest, uninfected A549 cells and A549 cells (2.5 × 10 5 ) infected with pLenti-GFP and pLenti-SIAH-2 WT high-titer viruses at a cell:virus infection ratio of 1:20 in triplicate were seeded onto 100-mm dishes and cultured for 48 hours. The infected A549 cells (>95% were GFP positive) in the exponential growth phase were irradiated with a dose of 20 Gy. The cell cycle profiles of the control A549 cells and SIAH-2 -expressing A549 cells were determined as described above.
Apoptosis Assays TUNEL Assay. A549 cells were infected in triplicate with pLenti-GFP virus (control) or pLenti-SIAH-2 PD -GFP virus, as well as with lentiviruses carrying nontarget shRNA as controls (pLenti-shRNA control) or with a lentivirus carrying the SIAH-2 shRNA # 6 knockdown construct as described above. The infected A549 cells were seeded in 8-well chamber slides at a density of 2000 per well and incubated at 37°C. DNA fragmentation in apoptotic cells was detected 72 hours after infection with the use of a DeadEnd Fluorometric TUNEL assay kit (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, the A549 cells were fixed with freshly prepared 70% methanol, permeabilized with 0.2% Triton X-100, and presoaked for 10 minutes in Equilibration Buffer. The cells were then incubated for 1 hour at 37°C in recombinant terminal deoxynucleotidyl transferase (rTdT) solution, which contained 45 µ L of Equilibration Buffer, 5 µ L of Nucleotide Mix, and 1 µ L of rTdT. The reactions were stopped by submerging and washing the slides in 2× standard saline citrate (0.03 M sodium citrate and 0.3 M sodium chloride solution) and the terminal deoxynucleotidyltransferase -mediated UTP end-labeling (TUNEL) -positive cells were manually counted immediately with the use of a fluorescence microscope. Nuclei were counterstained with 4,6-diamidino-2-phenylindole. The TUNEL experiments were repeated a total of three independent times (each time in triplicate under each infection condition).
Annexin V Staining. Annexin V staining was used to detect the translocation of phosphatidylserine from the inner to the outer leaflet of the plasma membrane in cells that were undergoing apoptosis ( 51 , 52 ) . A549 cells (10 5 cells) were infected with pLenti-GFP and pLenti-SIAH-2 PD -GFP viruses in triplicate in 100-mm plates as described above. Two days (48 hours) after infection, the relative percentage of apoptotic cells was detected with the use of an Annexin V-PE Apoptosis Detection Kit I (BD Pharmingen, San Jose, CA) according to the manufacturer's protocol. Briefly, the infected A549 cells were harvested by trypsinization, washed twice with cold PBS, and resuspended in 1× Binding Buffer (10 mM HEPES-NaOH [pH 7.4], 140 mM NaCl, 25 mM CaCl 2 ) at a concentration of 10 6 per mL. Approximately 10 5 infected A549 cells were transferred into a 5-mL culture tube, to which 5 µ L of Annexin V-PE (3 ng/ µ L) and 5 µ L of 7-amino-actinomycin D (7-AAD; 50 ng/ µ L) were added in 400 µ L of 1× Binding Buffer. The 7-AAD DNA dye was added for counterstaining to distinguish cells in the early stage of aopotosis (Annexin V -positive cells) from cells that have a fragmented DNA content (7-AAD positive) that are considered in the late stage of apoptosis. Cells were then gently vortexed and incubated at room temperature for 15 minutes in the dark. The cells were washed three times in PBS. The GFPand Annexin V -positive cells were quantified by using a FACS Calibur flow cytometer (Beakman Coulter) equipped with CellQuest software (Becton Dickinson). GFP signals ( x -axis) and Annexin V-PE staining ( y -axis) were counted using 20 000 A549 cells infected with control pLenti-GFP or pLenti-SIAH-2 PD -GFP viruses and the mean percentage of apoptotic cells was calculated with 95% confidence interval (CI). For the positive control, A549 cells were treated with 5 mM hydrogen peroxide (H 2 O 2 ) for 1 hour to induce early apoptosis as previously described ( 53 ), and Annexin V staining was performed. Each infection or treatment was performed in triplicate; the experiments were repeated twice independently, and the combined results are shown.
Comparison of SIAH-2 PD -Mediated ERK Inhibition With the MEK Inhibitors
We compared the effect of the anti-SIAH agent, SIAH-2 PD , on ERK activation and ERK signaling with those of two well-known MEK inhibitors of the RAS signal transduction pathway. The MEK-1 and MEK-2 inhibitor U0126 was purchased from Promega and the MEK-1 inhibitor PD98059 was purchased from Cell Signaling (Danvers, MA). Stock solutions of PD98059 and U0126 (10 mM) were prepared in dimethyl sulfoxide (DMSO). The A549 cells were seeded in 6-well plates (10 6 cells per well) for 24 hours, a serial fivefold dilution of PD98059 and U0126 was added at various concentrations, and the cells were incubated in the presence of DMSO as controls and the MEK inhibitors for 16 hours. In parallel, A549 cells in 6-well plates (10 6 cells per well) were infected for 3 days with pLenti-GFP and pLenti-SIAH-2 PD -GFP viruses using a twofold dilution series of the lentiviruses to give infection ratios (cells:viruses) of 1:40, 1:20, 1:10, 1:5, 1:2.5, and 1:1.25, and GFP images were captured using an Olympus DP70 digital camera (Olympus, Melville, NY) attached to a Leica DMIL inverted microscope (North Central Instruments, Plymouth, MN) were analyzed to document GFP expression and anti-SIAH-2 -dependent cytotoxicity. The viral-infected and inhibitor-treated A549 cells were then harvested by trypsinization, and phosphorylation and activation status of ERK1 and ERK2 was examined by immunoblotting with rabbit-anti-phospho-p44/p42 MAP kinase antibodies at 1:1000 dilution (Cell Signaling, Beverly, MA) followed by HRPconjugated goat-anti-rabbit IgG secondary antibodies and an enhanced chemiluminescence reaction (Pierce).
Soft Agar Colony Formation Assay
To examine the effect of SIAH-2 deficiency (either by expressing the dominant-negative SIAH-2 PD protein or by using shRNA-mediated SIAH-2 knockdown) on anchorage-independent growth, soft agar colony formation assays for human lung cancer cells were performed as previously described ( 54 ) . Briefly, 1 × 10 5 A549 cells (with oncogenic K-RAS) and UMC11 cells (with wild-type K-RAS) were either uninfected or independently infected with pLenti-GFP as the control, pLenti-SIAH-2 WT , pLenti-SIAH-2 PD , pLentishRNA nontarget control, pLenti-shRNA SIAH-1 # 3, or pLentishRNA SIAH-2 # 6, # 7, # 8, and # 9 at an infection ratio of 1:20 (cells:viruses) in triplicate for 3 days. The cells were harvested by trypsin treatment and counted. We used 250 uninfected and infected cells of each line for the assay of anchorage-independent growth in soft agar; the remaining cells were used for RT -PCR, cell imaging, and immunoblot analysis. The anchorage-independent growth of these cells was assayed in 24-well plates (250 cells per well). Each well contained a bottom agar layer that consisted of 250 µ L of 0.8% low-melting point Sea Plaque Agarose (Cambrex BioScience, Rockland, ME) in 1× DMEM with 10% of FBS. The uninfected and infected A549 and UMC11 cells were resuspended in 250 µ L of 0.4% low-melting point Sea Plaque Agarose in 1× DMEM with 10% FBS and plated on top of the bottom agar layer. The plates were incubated in a humidified 5% CO 2 incubator at 37°C for 12 -15 days. Two independent colony counting methods were used: colony numbers and colony volumes. First, we counted all colonies that were larger than 50 µ m with the use of an inverted microscope at ×200 magnification and recorded the total number of colonies per well per infection. Second, because some colonies had a spread-out morphology, we also calculated the colony volumes. We did so by measuring the colony diameter against the magnification scale bar, and then using the formula 4/3 × p × r 3 to calculate colony volume as previously described ( 55 , 56 ) . Each infection experiment was performed in triplicate, and three separate sets of experiments were repeated independently.
Tumor Growth in Athymic Nude Mice
Male athymic nude mice (NCr-nu/nu; 5 weeks old) were purchased from the National Cancer Institute -Frederick Cancer Research and Development Center (Frederick, MD) and housed under specific pathogen -free conditions. All mouse experiments and surgical procedures were approved by the Mayo Institutional Animal Care and Use Committee (IACUC), and all animal experiments met the requirement of the Mayo Animal Care Facility and National Institutes of Health guidelines on animal care and use. A549 cells (4 × 10 6 ) were either mock-infected or infected with pLenti-GFP or pLenti-SIAH-2 PD viruses at a virus to cell ratio of 20:1. More than 95% infectivity was achieved, as judged by the percentage of the GFP-positive cells in the infected population. One million uninfected, pLenti-GFP -infected, and pLenti-SIAH-2 PD -infected A549 cells were injected subcutaneously and bilaterally into the dorsal left and right scapular areas of 5-week-old male athymic nude mice (10 mice per group). We used a 19-gauge needle to inject each mouse at each of the two injection sites with 10 6 cancer cells in a total volume of 200 µ L (100 µ L of PBS plus 100 µ L of growth factor -reduced matrigel [BD Biosciences, San Jose, CA]). Liquid bandage (NewSkin, MedTech, Jackson, WY) was used to seal off the injection sites. Each mouse formed two tumors. There were 10 mice per group and thus we generated 20 tumors for each experimental group. The tumor take rate was 100%. A total of 60 tumors were generated from the three experimental groups. Tumor growth was measured with the use of a 6-inch Electronic Digital Caliper (Chicago Brand, Largo, FL) every Monday, Wednesday, and Friday (3 days/week) for 5 weeks, and tumor volume was calculated using the following formula: 0.5 × length × height × width. After 5 weeks, the mice were killed by CO 2 asphyxiation when the A549 tumors in the control group reached 10% of the body weight (approximately 1000 mm 3 in volume) according to IACUC guidelines. The A549 tumors were surgically resected, measured, and weighed, and tumor specimens from each group were snap frozen in optimum cutting temperature solution (Sakura Finetek USA Incorporation, Torrance, CA), fixed in 10% neutral formalin, and embedded in paraffin for immunohistochemistry according to standard procedures. Five independent cell lines were generated as described below from five independent tumor samples representing the range of tumors from five randomly chosen mice in the GFP treatment group. Four independent cell lines were generated from four independent tumor samples representing the range of tumors from four randomly chosen mice in the SIAH-2 PD treatment group. The resected tumor was rinsed once in 70% ethanol for 20 seconds followed by three washes in sterile PBS. The tumor sample was transferred to a sterile 100-mm dish and minced with a razor blade until homogeneous. The tumor mass was resuspended in 1 mL trypsin and transferred to a 24-well plate and incubated at 37°C for 15 minutes with pipetting up and down every 5 minutes to form a single-cell suspension. The trypsin was then neutralized by suspending the tumor cell mixture in 10 mL DMEM containing 10% FBS in a 15-mL Falcon tube. The cells were pelleted by centrifugation at 228 g in an Allegra 6R Benchtop Centrifuge with a GH3.8 rotor (Beckman Coulter, Fullerton, CA). The cell pellets were washed three times with sterile PBS and seeded in a 6-well plate. Explanted tumor cell lines were grown in DMEM supplemented with 10% FBS and 100 µ g/mL of penicillin/streptomycin in a ThermoForma Series II water-jacketed CO 2 tissue culture humidified incubator at 37°C, 5% CO 2 , and 21% O 2 (Thermo Forma).
Immunohistochemical Staining of A549 Mouse Tumors
Immunohistochemical staining was performed on formalin-fixed and paraffin-embedded A549 tumors resected from nude mice following the preparation procedures and immunostaining protocols for human cancer tumors as described above. All 60 A549 tumors resected from 30 mice (ie, three experimental groups, 10 mice per group, two tumors per mouse) were fixed in 10% formalin and individually embedded in paraffin blocks. To examine whether tumor size was dependent on the relative SIAH expression levels, we selected three tumors representing the large, medium, and small tumors based on the group average in each group. For the larger tumors in the untreated and GFP groups, the selected tumors were cut into three pieces for use in immunohistochemistry, immunoblot analysis, and cell line generation. Because the majority of the SIAH-2 PD tumors were too small to accommodate all three applications, we had to use individual SIAH-2 PD tumor samples from different mice in the same experimental group for immunohistochemistry, immunoblot analysis, and/or cell line generation separately. Hence, three independent paraffin-embedded A549 tumor specimens from three different mice that represented the large, medium, and small tumors based on the average tumor size in each treatment group were submitted for detailed immunohistochemistry analyses. A total of nine tumors from the three groups (untreated, GFP, and SIAH-2 PD -GFP) were stained with H & E, the SIAH mAb 24E6H3, and the vWF antibody. The mouse-a-SIAH-24E6H3 mAb was used at 1:40 dilution and it only recognized human cells. Rabbit-a-vWF polyclonal antibodies were used at 1:1000 dilution. All staining was performed at the Mayo Clinic Tissue and Molecular Analysis Core Facilities on a fee-forservice basis.
Immunoblot Analyses
Immunoblot analysis was performed as previously described ( 25 ) . Whole-cell lysates of human lung epithelial cells (BEAS, BZR, A549, H727, and UMC11) and tumor lysates of resected A549 mouse tumors were prepared in RIPA lysis buffer (50 mM TrisHCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecylsulfate [SDS]) with one Complete Protease Inhibitor Cocktail tablet (per 50 mL of lysis buffer) (Roche Diagnostics, Mannheim, Germany) and 1× PhosSTOP phosphatase inhibitors (Roche Applied Sciences, Indianapolis, IN). The protein concentration of the cell and tumor lysates was determined with the use of a Protein Assay kit (BioRad). Total protein from each sample (20 µ g) was resolved by electrophoresis on a 10% SDS -polyacrylamide gel and transferred by electroblotting to a Protran BA85 Nitrocellulose membrane (Whatman Schleicher & Schuell, Dassel, Germany). The membranes were incubated with primary antibodies in 5% milk in 1× Tris-buffered saline with 0.1% Tween 2 (TBST) buffer overnight at 4°C except where noted. Mouse monoclonal anti-SIAH-2 (1:500 dilution), rabbit polyclonal anti-Actin (1:2000 dilution) and mouse monoclonal anti-FLAG M2 (1:2000 dilution) were purchased from Sigma. Rabbit-␣ -phospho-ERK, -ERK, -phospho-MEK, -MEK were purchased from Cell Signaling (Beverly, MA) and used at 1:1000 dilution. The anti-phospho-ERK and anti-phospho-MEK antibodies were incubated in 5% BSA in TBST buffer overnight at 4°C. Rabbit polyclonal anti-p21 (a cell cycle inhibitor) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and used at 1:1000 dilution. Anti-mouse and anti-rabbit HRP-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories and used at 1:2000 dilution for 2 hours at room temperature. Antibody binding was detected by enhanced chemiluminescence (Pierce) according to the manufacturer's protocol.
Statistical Analysis
Data are presented as mean values and as differences in means with 95% CIs for the differences. For the cell growth and proliferation, apoptosis, and soft agar studies, statistical significance of differences of means in independent sample sets was determined by unpaired two-sided Student t test by use of Prism 3.00 (GraphPad Software, San Diego, CA). Statistically significant differences in the cell proliferation rates between groups were calculated using Student t test. P < .05 was considered statistically significant.
For the mouse experiments, 20 tumors were generated in each experimental group (two tumors per mouse, 10 mice per group). We averaged the data for the two tumors in each mouse and used the average tumor size and average tumor volume per mouse in each group to perform two-sided statistical tests between the experimental groups of 10 animals. With 10 animals in each group, this sample size gave 80% power to detect a 50% reduction in tumor size or weight at a 5% level of statistical signifi cance. Tumor weights and volumes for each group were compared using Student t test, and P values less than .05 were considered statistically signifi cant. All statistical tests were two-sided.
Results
SIAH Expression in Human Lung Cancer Specimens and Cell Lines
We first examined the expression of both SIAH proteins in 31 surgically resected human lung cancer specimens and 17 matched samples of adjacent normal lung tissues by immunohistochemistry using the anti-SIAH mAb 24E6H3, which recognizes both SIAH-1 and SIAH-2; in parallel, we also examined EGFR and phospho-ERK expression in these tissue specimens. SIAH expression was detectable by immunohistochemistry in all major types of human lung cancers, including well-differentiated adenocarcinoma, poorly differentiated adenocarcinoma, squamous cell carcinoma, large-cell carcinoma, and small-cell carcinoma, but not in the matched normal lung tissue samples ( Figure 1, A ; Table 1 ). SIAH expression was predominantly nuclear, and the percentage of tumor cells that expressed SIAH increased with the histological grade of the tumor ( Figure 1, A ) . The vast majority of the tumor cells in the large-and small-cell lung carcinomas stained with the SIAH mAb, whereas the noncancerous lung tissue and stroma showed little or no staining. Thus, SIAH expression is markedly increased in poorly differentiated and undifferentiated tumors, especially highly aggressive tumors, such as large-and small-cell carcinomas ( Figure 1, A ; Table 1 ).
We next used SIAH -specifi c primers and semiquantitative RT -PCR to measure SIAH-1 and SIAH-2 mRNA transcript levels in a panel of human lung cell lines with a range of phenotypes: normal nontumorigenic bronchial epithelial cells (BEAS-2B), v-H-RAS -transformed BEAS-2B cells (BZR), lung carcinoma cell lines with an oncogenic K-RAS activation (A549 and H727), and a lung cancer cell line that carries wild-type RAS and RAF (UMC11). Similar levels of SIAH-1 and SIAH-2 mRNA transcripts were expressed in these human lung epithelial cell lines, regardless of their tumorigeneic potential ( Figure 1, B ) . We have previously shown that both SIAH mRNA and protein expression were detected in all human pancreatic cancer cell lines and SIAH protein expression was detected in pancreatic tumor tissues examined as well as in normal proliferating cells within skin follicles and germinal centers, whereas SIAH protein expression was, by contrast, completely absent in nonproliferating human tissues, suggesting that SIAH may be expressed in all proliferating human cells independent of transformation status ( 39 ) . These results in the lung epithelial cell lines and lung tumor tissues seem to 
SIAH Expression and Cell Proliferation
We next asked whether SIAH protein expression changes as cells shift from a proliferative state to a nonproliferative state. To exemplify such a shift in proliferation status, we first analyzed changes in SIAH expression in a premalignant cell model system comprising human OSE cells transformed with a temperature-sensitive SV40 large T antigen (OSEtsT cells) ( 57 ) . When grown at 34°C, OSEtsT cells divide rapidly for 20 -25 generations; when grown at 39°C, these cells gradually stop growing due to the progressive inactivation of the transforming agent, the T ts antigen, at the higher temperature. We examined SIAH protein expression by immunostaining OSEtsT cells with the anti-SIAH 24E6H3 mAb as they underwent a temperature-induced shift from a proliferative state to a nonproliferative state. We found that SIAH protein was expressed in proliferating OSEtsT cells, whereas SIAH expression was markedly reduced as the cells stopped proliferating. SIAH protein was expressed in 72% of the OSEtsT cells grown at 34°C but in only 12% of OSEtsT cells grown at 39°C for 3 days (difference = 60%, 95% CI = 45% to 74%, P < .001) ( Figure 2, A ) . Thus, SIAH expression appeared to be associated with the state of cell proliferation in this model system.
To further examine whether endogenous SIAH expression changes with cell proliferation status, we used two other independent methods -irradiation with 20 Gy and serum starvation for 48 hours -to force human lung cancer A549 cells to exit the cell cycle and examined SIAH protein expression by immunostaining with the anti-SIAH 24E6H3 mAb before and after the cells had exited the cell cycle. SIAH was expressed in all proliferating A549 cancer cells before irradiation or serum starvation but not in lethally irradiated A549 cells and at reduced levels in the serum-starved A549 cells ( Figure 2, B ) . The cell cycle profi les of A549 cells before and after ␥ -irradiation showed that cell division ceased completely as indicated by the G1 to G2 peak shift after lethal irradiation ( Figure 2, C and D ) . Thus, SIAH expression appears to decrease as cells enter a state of nonproliferation.
We also examined SIAH expression in biopsy samples of a lung metastasis from a colorectal cancer patient who had undergone radiotherapy for local control of the lung metastasis. We stained the lung metastasis samples obtained before and after the patient underwent radiotherapy with the anti-SIAH mAb. In the sample obtained before radiation therapy, SIAH was expressed in invasive cancer cells from metastatic colorectal cancer in the lung, and SIAH cytoplasmic staining was more predominant at the leading edge of the cancerous tissues ( Figure 2, E , top row) . By contrast, in the sample obtained after radiation therapy, SIAH staining was completely absent, suggesting that cell proliferation was ceased completely after radiation therapy and SIAH expression disappeared as a result ( Figure 2 , E , bottom row). Together with the our observations of SIAH expression patterns in temperatureshifted OSTtsT cell, ␥ -irradiated A549 cells, and human tumor specimens before and after radiation therapy, these data indicate that SIAH expression is associated with cell proliferation and is decreased as cells shift from a proliferative state to a nonproliferative state in response to stress and cell cycle exit signals ( Figure 2 ) . However, the exact mechanism by which SIAH expression is regulated in response to cell proliferation signals remains to be elucidated.
Finally, we examined whether SIAH-2 expression is suffi cient to rescue cell cycle arrest induced by radiation or serum starvation. We focused on SIAH-2 because the effective SIAH-1-shRNA knockdown did not show any suppression in anchorage-independent A549 cell growth in soft agar assays ( Figure 3 , A and C ), whereas anti-SIAH-2 molecules showed marked anti-RAS and anti-tumor effects. We ectopically expressed FLAG-tagged human SIAH-2 WT protein in A459 cells, then either irradiated the cells with 20 Gy or serumstarved them for 48 hours, and compared their cell cycle profi les with that of control A549 cells that received neither treatment. Ectopic SIAH-2 WT expression was not suffi cient to rescue the radiation-or serum starvation -mediated cell cycle arrest ( Supplementary Figure 1 , available online) . These results are not surprising because it is known that SINA is a necessary but not a suffi cient mediator of RAS signaling in Drosophila development ( 23 , 24 ) .
Effect of SIAH-1 or SIAH-2 Deficiency on Anchorage-Independent Growth of A549 Cells
We next examined whether SIAH-1, SIAH-2, or both are required for RAS-mediated anchorage-independent growth and malignant transformation of lung cancer A549 cells. We used two complementary approaches to disrupt endogenous SIAH expression in A549 cells. First, because Drosophila SINA and human SIAH proteins function as dimers ( 25 , 43 ) , we generated dominant-negative mutants of the SIAH-1 and SIAH-2 proteins because this is an ) because the mutant SIAH E3 ligases retained their ability to bind their substrates but lost their enzymatic activity to ubiquitinate and degrade the substrates. We previously showed that the expression of SIAH PD mutants could block the endogenous function of SIAH proteins in human embryonic kidney HEK293T cells and abolish the tumorigenicity of human pancreatic cancer MiaPaCa and Panc-1 cells in nude mice ( 39 ) . The FLAG-tagged SIAH-2 PD mutant protein and GFP protein was bicistronically expressed in A549 cells under the control of the SFFV promoter using a high-titer bicistronic lentivirus, as described previously ( 45 -47 ) . Second, we used a lentivirus-mediated gene-specific shRNA knockdown system to silence SIAH-1 and SIAH-2 mRNA expression in lung cancer A549 cells as previously described ( 46 , 47 , 50 ) . We achieved nearly complete gene-specific knockdown of SIAH mRNA transcripts in A549 cells transfected with two genespecific shRNA constructs ( # 3 and # 6), as shown by semiquantitative RT -PCR: the estimated extent of the SIAH knockdown was 5-to 20-fold for pLenti-SIAH-1 shRNA # 3 and pLenti-SIAH-2 # 6 shRNA constructs, compared with the nontarget shRNA control ( Figure 3, A ) . As a further demonstration of the specificity of SIAHspecific shRNA knockdown with these two constructs ( # 3 and # 6), we stained endogenous SIAH protein in the individual SIAH knockdown A549 cells with the anti-SIAH 24E6H3 mAb and examined the cells by immunofluorescence microscopy. Two different fixatives (4% paraformaldehyde and 10% formalin) were used to fix the cells, and similar reduction of SIAH expression was observed in the A549 cells with either SIAH-1 or SIAH-2 mRNA knockdown. The results showed that endogenous SIAH protein expression in the pLenti-SIAH-shRNA -infected cells was markedly reduced when compared with the nontarget pLenti-shRNA control-infected 001) . B ) SIAH expression in response to lethal radiation and serum starvation. Immunofl uorescence microscopy with the 24E6H3 mAb ( green ) was used to detect SIAH in human lung cancer A549 cells grown under subconfl uent conditions (control), in A549 cells lethally radiated at 20 Gy (20 Gy g-radiation), and in A549 cells cultured for 2 d in the absence of serum (starvation). 4 ′ -6-diamidino-2-phenylindole (DAPI) was used to stain DNA ( blue ) in the nuclei. Rhodamine-conjugated phalloidin ( red ) was used to bind F-actin and illustrate the actin cytoskeleton network in the fi xed cells. The merged images showed the distinct subcellular localizations of SIAH, DNA, and actin fi bers. C ) Cell cycle profi le of unirradiated A549 cells grown under normal tissue culture conditions. Note the prominent G 1 peak. D ) Cell cycle profi le of lethally irradiated A549 cells. Note the prominent G 2 peak. E ) SIAH expression in human cancer specimens before ( top panel ) and after ( bottom panel ) radiation therapy. Hematoxylin -eosin (H & E) staining was used to view tissue morphology and cell histology of an invading metastatic colorectal cancer in the lung of a patient. The stroma shows little staining, an indication that the anti-SIAH mAb stains specifi c for proliferating cells and no background staining is detected in noncancerous tissues. Ki67, a well-established clinical marker for cell proliferation, was used to stain the tumor tissues and used as a reference system for SIAH staining. Immunochemical staining of cell nuclei ( blue ) and SIAH and Ki67 ( brown ) are represented in photo images.
A549 cells, demonstrating that SIAH expression could be efficiently knocked down using the pLentiviral-shRNA system ( Figure 3, B ) .
To examine the biologic consequence of SIAH-1 and SIAH-2 knockdown, we performed colony formation assays in soft agar to examine whether SIAH defi ciency affects the anchorageindependent cell growth of A549 cells in soft agar. A549 cells were infected with pLenti-shRNA-nontarget-control, pLenti-shRNA-SIAH-2 # 6, or pLenti-shRNA-SIAH-1 # 3 knockdown viruses or with pLenti-GFP, pLenti-SIAH-2 WT -GFP, or pLenti-SIAH-2 PD -GFP viruses, and the anchorage-independent growth of infected A549 cells was assayed in soft agar. A549 cells that expressed either SIAH-2 PD or shRNA-SIAH-2 # 6 formed statistically signifi cantly fewer colonies in soft agar than the respective control cells (mean number of colonies, SIAH-2 PD vs GFP: 124.7 vs 57.3, difference = 67.3, 95% CI = 49.4 to 85.3, P < .001; shRNA-SIAH-2 # 6 vs shRNA control: 27.0 vs 119.7, difference = 92.7, 95% CI = 69.8 to 115.5, P < .001) ( Figure 3 , C ; Table 2 ). There was no statistically signifi cant difference between the numbers of colonies formed in Figure 3 . Silencing of seven-in-absentia homolog (SIAH)-1 and SIAH-2 mRNA and protein expression by pLenti-short hairpin RNA (shRNA) viruses and suppression of anchorage-independent cell growth in SIAH-2 -defi cient A549 cells. A ) Lentiviral-shRNA knockdown system to silence SIAH-1 and SIAH-2 mRNA expression in A549 cells. Semiquantitative reverse transcription -polymerase chain reaction was used to quantify the extent of gene-specifi c knockdown of SIAH mRNA transcripts in human lung cancer A549 cells using either SIAH-1 or SIAH-2 gene -specifi c lentiviral constructs ( # 3 and # 6). pLenti-viralmediated SIAH-1 and SIAH-2 -specifi c knockdown was shown. Untreated and nontarget shRNA control were used as controls to examine the endogenous SIAH-1 and SIAH-2 mRNA transcript expression levels in A549 cells. The pcDNA-SIAH-1 and pcDNA-SIAH-2 plasmids were used as positive controls and double-distilled H 2 O (ddH 2 O) was used as a negative control for gene-specifi c PCR reaction. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as an internal control for mRNA quality and loading control. B ) Endogenous SIAH staining. A549 cells were infected with the pLenti-shRNA control or pLenti-shRNA SIAH constructs (SIAH-1 # 3 and SIAH-2 # 6) alone or in combination and endogenous SIAH expression level was examined at 72 h after infection using anti-SIAH 24E6H3 monoclonal antibody (mAb) ( green ) by immunofl uorescent staining. Nuclei were counterstained with DAPI ( blue ). C ) Anchorage-independent cell growth assay. A549 cells were infected with each of the pLenti-shRNA constructs (nontarget shRNA control, shRNA-SIAH-1 # 3, and shRNA-SIAH-2 # 6), or with the pLenti-GFP, pLenti-SIAH-2 WT -GFP, or pLenti-SIAH-2 PD -GFP viruses, and the ability of the infected cells to form colonies in soft agar was assayed. Infected A549 cells (250) were plated into 24-well plates. Total numbers of colonies formed in each well were counted. The assays were conducted in triplicate under each condition, and three independent experiments were performed. Error bars represent 95% confi dence intervals. *Statistically signifi cant difference in colony numbers in SIAH-defi cient cells (either dominant-negative SIAH-2 PD expression or shRNA-SIAH-2 # 6 knockdown) was observed when compared with either the untreated A549 control or the corresponding lentiviral-infected controls (either pLenti-GFP or shRNA nontarget control) ( P < .001). Comparison between groups was performed by two-sided Student t test.
the A549 cells expressing either SIAH-2
WT or shRNA-SIAH-1 # 3 and the respective control cells ( Figure 3 , C ; Table 2 ). Thus, SIAH-2 but not SIAH-1 defi ciency is effective in inhibiting colony formation of the highly aggressive lung cancer cells, A549, in soft agar, suggesting that SIAH-2 but not SIAH-1 may be essential for RAS-mediated transformation and tumorigenesis in lung cancer cells. Because SIAH-1 -defi cient A549 cells (SIAH-1 PD or shRNAmediated SIAH-1 knockdown) did not show any dramatic phenotypes in cell proliferation, survival, or anchorage-independent growth in soft agar ( Figure 3, C ; data not shown), we therefore focused our attention on characterizing the role of SIAH-2 in human lung cancer cells in the subsequent experiments.
To demonstrate the effi cacy and specifi city of the SIAH-2 shRNA knockdown constructs, we infected A549 cells with multiple pLentivirus shRNA constructs that targeted different regions in the SIAH-2 mRNA transcript and examined their effects on SIAH-2 mRNA expression. First, RT -PCR analysis of the infected cells revealed that three pLenti-shRNA-SIAH-2 constructs -# 6, # 8, and # 9 -were effective in reducing the endogenous SIAH-2 mRNA transcript level and SIAH-2 protein expression. We achieved an approximately 5-to 10-fold gene-specifi c knockdown of SIAH-2 mRNA levels in A549 cells using the SIAH -2 genespecifi c shRNA constructs ( # 6, # 8, and # 9), as shown by semiquantitative RT -PCR ( Figure 4, A and B ) . Immunoblot analysis also revealed that ERK signaling was reduced in SIAH-2 knockdown cells expressing shRNA constructs # 6, # 8, and # 9 but not # 7, as shown by reduction of the expression level of phosphorylated ERK in A549 cells ( Figure 4, B ) . In soft agar colony formation assays, A549 cells expressing shRNA-SIAH-2 # 6, # 8, and # 9 but not # 7 were defective in colony formation (both size and number) compared with A549 cells expressing the nontarget shRNA control ( Figure 4, C and D ) . In this batch of SIAH-2 silencing experiments, the SIAH-2-shRNA # 6 -mediated knockdown was incomplete but we noticed that the SIAH-2 partial knockdown and the resultant A549 colonies had a more spread-out colony morphology compared with the compact spheres formed by the control cells, suggesting the interesting possibility that modest reduction of SIAH-2 expression may affect cell -cell interactions and cell adhesion. To account for the differences in colony morphology, we determined colony volumes by measuring the diameter against the magnifi cation scale bar, and then used the formula 4/3 × p × r . These results demonstrate again that the inhibitory effects of ERK pathway and anchorage-independent cell growth are specifi c to SIAH-2 defi ciency in A549 cells.
Effect of SIAH Deficiency on Cell Survival in A549 Lung Cancer Cells
We noticed a marked increase of cytotoxicity, as demonstrated by the morphology of dying cells (ie, detachment of the adherent cells, rounded-up cell morphology, membrane wrinkles, and cellular fragmentation plus a rapid decrease in cell number) in the normally adherent A549 cells infected with the anti-SIAH-2 constructs (SIAH-2 PD or SIAH-2 shRNA). We therefore used two independent methods -the TUNEL assay and Annexin V staining -to measure SIAH-2 deficiency -associated cell death in A549 cells that exogenously expressed the SIAH-2 PD mutant and/or with shRNA-mediated knockdown of endogenous SIAH-2 mRNA; phospho-ERK signaling was also examined in these cells by immunoblot analysis using anti-phospho-ERK1/2 antibodies ( Figure 5 ). We counted more than 500 infected cells from three separate infection experiments and found that the average infection rate for pLenti-GFP viruses was 96.2% and that for plenti-SIAH-2 PD viruses was 95.4% as calculated by the percentage of the GFP-positive cells in the cell population ( Figure 5, A ) . We detected increased SIAH-2 PD expression in the pLenti-SIAH-2 PD virus -infected A549 cells and a progressive decrease in phospho-ERK expression by immunoblotting with the FLAG mAb and an anti-phospho-ERK antibody, respectively, suggesting that increased SIAH-2 PD expression was associated with reduced phospho-ERK signaling in A549 cells ( Figure  5, B ) . Moreover, 2 days after lentivirus infection, a marked increase in cytotoxicity was apparent in that the percentage of pycnotic (ie, apoptotic) ( Figure 5, A ) and TUNEL-positive cells ( Figure 5, C ) was increased when A549 cells expressed the SIAH-2 PD mutant protein or carried the SIAH-2 shRNA knockdown constructs when compared with cells infected with control lentivirus (mean percentage of TUNEL-positive cells 3 days after lentivirus infection: SIAH-2 PD -GFP vs GFP, 30.1% vs 0.0%, difference = 30.1%, 95% CI = 23.1% to 37.0%, P < .001; SIAH-2 shRNA # 6 vs control shRNA, 27.9% vs 0.0%, difference = 27.9%, 95% CI = 23.1% to 32.6%, P < .001) ( Figure 5, C ) . These results suggest that lung cancer A549 cells are sensitive to disruptions in the SIAH-2 -dependent proteolytic machinery and that the apoptotic program is initiated in response to SIAH-2 deficiency.
To further confi rm that proper SIAH function is critical for A549 cell survival, we stained cells infected with pLenti-GFP-SIAH-2 PD or pLenti-GFP with Annexin V, which detects the loss of plasma membrane integrity and asymmetry that is an early marker of apoptosis, and quantifi ed the stained cells by fl uorescence-activated cell sorting (FACS) analysis. A statistically signifi cant increase in apoptosis ( P = .038) was also detected by FACS analysis of the Annexin V staining in A549 cells expressing SIAH-2 PD -GFP when compared with the control A549 cells expressing GFP alone ( Figure 5, D and E ) . Quantifi cation of the FACS data for Annexin V -stained cells showed that 13.1% of pLenti-SIAH 2 PD -GFP -infected A549 cells were Annexin V -positive 2 days after infection vs 3.5% of pLenti-GFP -infected A549 cells (SIAH-2 PD -GFP vs GFP, 13.1% vs 3.5%, difference = 9.6%, 95% CI = 0.7% to 18.5%, Figure 4 . Effect of short hairpin RNA (shRNA) -mediated seven-inabsentia homolog (SIAH)-2 silencing on ERK signaling and the anchorage-independent growth of A549 cells in soft agar. A ) Reverse transcription -polymerase chain reaction analysis of SIAH-2 mRNA expression using SIAH-2 -specifi c shRNA knockdown constructs. To demonstrate the specifi city and effi ciency of the interfering shRNA, we employed multiple pLentiviral-mediated gene-specifi c shRNA system (pLenti-SIAH-2-shRNA # 6, # 7, # 8, and # 9) to silence SIAH-2 mRNA expression and examined the effi ciency of SIAH-2 -specifi c knockdown ( # 6, # 7, # 8, and # 9). B ) Immunoblot analysis of endogenous SIAH-2 expression in shRNA knockdown cells. Protein extracts of A549 cells that were infected with four shRNA-SIAH-2 -specifi c knockdown constructs ( # 6, # 7, # 8, and # 9) for 3 d were immunoblotted with an SIAH-2 -specifi c monoclonal antibody, an antibody specifi c for the phosphorylated form of ERK, or an antibody against ␤ -actin (as a control for equal loading). ( C and D ) Anchorage-independent cell growth assay. A549 cells were infected with the pLenti-shRNA constructs (nontarget control, # 6, # 7, # 8, and # 9) separately and the RAS-mediated cell transformation and colony formation of these infected cells was assayed in soft agar. In this batch of the shRNA knockdown experiments, the SIAH-2-shRNA # 6 knockdown was incomplete and the resultant A549 colonies had a more spread-out colony morphology compared with colonies of the control cells. As a result, we measured colony volumes to refl ect the size differences in the colonies formed in the soft agar. C ) A bar graph representation of the colony volumes. Infected A549 cells (250) were plated into 24-well plates in triplicate. Fourteen days after plating the cells, 20 -30 randomly chosen colonies were measured in each group and their mean colony volumes calculated. Error bars represent 95% confi dence intervals. Comparison between groups was performed by Student t test. *Statistically signifi cant reduction in the colony volumes was observed in two SIAH-2-shRNA knockdown A549 cells ( # 8 and # 9) as compared with the colony volumes of the shRNA nontarget control-infected A549 cells ( P < .001). D ) The anchorage-independent cell growth of the A549 colonies in the uninfected group and each infection group (shRNA nontarget control, SIAH-2-shRNA knockdown constructs # 6, # 7, # 8, or # 9) were sequentially tracked and imagined at the defi ned locations after plating on soft agar on days 1, 7, and 14. -GFP heterogeneously are shown at days 2 -9 after infection. The pLentiviral infection rate was close to 100%. Cytotoxicity was apparent at day 2 after infection, and a dramatic decrease in cell number was apparent at days 4 -7 in SIAH 2 PD -expressing A549 cells. B ) Immunoblot analysis. A549 cells were mock infected or infected with pLenti-GFP or pLenti-SIAH-2 PD viruses. Cell lysates were collected at days 1 -5 after infection and alterations in the major signaling pathways downstream of RAS (MEK, ERK, p38, AKT) were examined by immunoblotting. C ) Cell death measured by terminal deoxynucleotidyltransferase -mediated UTP end-labeling (TUNEL) assay. The TUNEL assay was performed on pLentiviral-infected A549 cells expressing either GFP or SIAH-2 PD -GFP as well as either short hairpin RNA (shRNA) control or SIAH-2-shRNA # 6 on day 3 after infection. The TUNEL assays were conducted in triplicate under each infection condition. The TUNEL experiments were repeated three times independently. Error bars represent 95% confi dence intervals. Comparison between groups was performed using Student t test. ( Figure 5, D ) . As a positive control, 5 mM H 2 O 2 was used to treat A549 cells for 1 hour and 29.7% of the cells underwent apoptosis. These results confi rm that SIAH-2 expression is important for A549 cell survival and that loss of SIAH-2 function induces apoptosis in A549 cells.
Effect of SIAH-2 Deficiency on MAPK Signaling and Cell Proliferation in Human Lung Epithelial Cell Lines
We next examined the effect of SIAH-2 deficiency on lung epithelial cell proliferation and MAPK signaling in 2-D culture. We examined the effects of blocking SIAH-2 function using both the dominant-negative SIAH-2 PD and shRNA knockdown approaches in parallel on RAS signal transduction and cell proliferation in human lung epithelial cell lines. We did so by assessing the activated downstream components (phospho-ERK and phospho-MEK expression levels) of the RAS pathway and determining the alterations of cell proliferation rates in normal bronchial epithelial cells (BEAS and BZR cells; Figure 6 , A and B , respectively) and of lung cancer cells (A549 and H727; Figure 6 , C and D , respectively) infected with control and anti-SIAH-2 lentiviruses. The infection rates for BEAS and BZR cells were 80% -90% and for A549 and H727 cells, 90% -95%. Immunoblot analyses were performed 3 days after lentiviral infection whereas cell growth was followed daily for 7 -8 days. Immunoblot analysis revealed that phospho-ERK expression level was substantially reduced in SIAH-deficient lung tumor cells with oncogenic RAS mutation (BZR, A549, and H727) compared with the respective SIAH-proficient cells while phospho-ERK signaling was not reduced in normal lung bronchial epithelial (BEAS) cells in response to SIAH deficiency compared with SIAHproficient BEAS cells ( Figure 6 ; Supplementary Table 1 , available online). In addition, the cell proliferation rates of human lung tumor cells infected with either the pLenti-shRNA-SIAH-2 knockdown virus ( # 6) or the pLenti-SIAH-2 PD virus were markedly lower than Figure 6 (continued) .
infection. The experiment was conducted once in triplicate. Mean numbers of cells were plotted. Error bars represent 95% confi dence intervals. Comparison between groups was performed using Student t test. *Statistically signifi cant reductions in cell proliferation rates were observed in SIAH-defi cient cells (either SIAH-2 PD -GFP or shRNA-SIAH-2 # 6) as compared with SIAH-profi cient cells (either GFP or shRNA control) as the corresponding referent groups in BZR, A549, and H727 cells at day 6 and 7 ( P < .001).
those of cells infected with control viruses. Furthermore, SIAH-2 deficiency reduced MAPK signaling and cell proliferation, and the growth inhibitory effect was much more pronounced in tumor cells (BZR, A549, and H727, Figure 6 , B -D) than in normal BEAS cells ( Figure 6, A ) . The trend of SIAH-2 deficiency -mediated growth inhibition in tumor cells was dominant, consistent, and repeatedly observed. Moreover, the results of a different independent assay (MTT) confirmed these findings (data not shown). These results suggest that SIAH-2 is important for proper RAS/MAPK signal transmission and may also be required to sustain accelerated proliferation in lung tumor cells.
Both SIAH-2 PD and SIAH-2 shRNA knockdown exhibited similar effects in reducing ERK (but not MEK) signaling downstream of oncogenic RAS pathway ( Figure 4, B ; Figure 5 , B ; Figure 6 ). The reduction of the ERK (not MEK) signaling by SIAH-2 knockdown points to an involvement of MAPK phosphatases in anti-SIAHmediated feedback loop control. However, exactly how SIAH deficiency reduces phospho-ERK activity remains to be determined.
Effect of SIAH-2 Deficiency on Anchorage-Independent Growth of Lung Cancer Cells With Wild-type RAS
We next examined whether SIAH-2 deficiency -mediated inhibition of lung cancer cell growth is dependent on oncogenic K-RAS by examining the biologic consequences of SIAH-2 deficiency in UMC11 cells, a human lung cancer cell line that carries wild-type RAS and RAF genes. We infected UMC11 cells with pLenti-GFP, pLenti-SIAH-2 WT -GFP, pLenti-SIAH-2 PD -GFP, pLenti-shRNA control, or pLenti-SIAH-2-shRNA # 6 knockdown construct and examined expression of the transgenes by immunoblot analysis. The infection rate for these lentiviruses was more than 95% ( Supplementary Figure 2, A , available online). SIAH-2 WT and SIAH-2 PD were expressed in UMC11 cells infected with the respective lentiviruses as shown by anti-FLAG immunoblots. The phospho-ERK expression was measured by immunoblotting with an anti-phospho-ERK antibody. We found that ERK signaling as measured by the phospho-ERK expression levels was markedly reduced in cells that expressed SIAH-2 PD expression compared with GFP control and/or uninfected UMC11 cells ( Supplementary Figure 2, Figure 2 , C , available online; Table 2 ). There was no statistically significant difference in the numbers of colonies formed between untreated UMC11 cells and UMC11 cells expressing either SIAH-2 WT or the GFP control alone ( Table 2 
Comparison of ERK Inhibition by SIAH-2 Inhibition vs the MEK inhibitors PD98059 and U0126
To establish the efficacy and specificity of the novel anti-SIAH-2 agents in blocking A549 cell proliferation and tumor growth, we next compared the inhibitory effect of SIAH-2 PD molecules with those of U0126 and PD98059, two well-established MEK inhibitors that inhibit ERK signaling and block the growth of many types of human cancer cells. The expression of anti-SIAH-2 molecules (either SIAH-2 PD or SIAH-2 shRNA knockdown) induced a marked increase in cytotoxicity in A549 cells, whereas treatment of A549 cells with the MEK inhibitors did not (data not shown; Figure 4 , C and D ). The reduction of the phospho-ERK expression levels observed in pLenti-SIAH-2 PD -GFP -infected cells was comparable to that of the MEK inhibitors -treated A549 cells by immunoblot analysis ( Figure 7 ) . These results suggest that A549 cells are sensitive to alterations in SIAH-2 function and expression during cell proliferation, cell survival, and tumorigenesis. With increasing amounts of pLenti-SIAH-2 PD viruses and MEK inhibitors we observed a gradual decrease in ERK signaling ( Figure 7 ) . These results suggest that SIAH-2 PD -based therapy may have anticancer efficacy comparable to that of the MEK inhibitors in lung cancer models.
Effect of SIAH-2 PD Expression on A549 Cell -Derived Tumor Growth in Athymic Nude Mice
We next examined whether SIAH-2 contributes to K-RAS -mediated tumorigenesis in a mouse model. A549 lung cancer cells (1 × 10 6 cells) that were uninfected or infected with either pLenti-SIAH-2 PD -GFP or pLenti-GFP control viruses were injected subcutaneously 2 days after infection into the right and left dorsal flanks of male athymic nude mice (10 mice per group), and subcutaneous tumor formation was monitored over a 5-week period. Close to 95% of the cells were infected, as indicated by the -GFP groups were immunoblotted with antibodies specifi c for FLAG to detect the exogenous SIAH-2 PD expression, phosphorylated form of ERK to detect the activated forms of ERK1/2 proteins, ERK1/2 to detect pan-ERK expression, p21 cell cycle inhibitor to detect cell cycle inhibition. Blots were probed with an anti-actin antibody to confi rm equal loading.
immunofluorescence microscopy of the coexpressed eGFP marker (data not shown). SIAH-2 PD was effective in blocking RASmediated lung tumorigenesis in nude mice ( Figure 8, A ) . A marked reduction in A549 tumor volume and mass was observed in mice injected with A549 cells expressing SIAH-2 PD compared with tumors from mice injected with untreated A549 cells or A549 cells expressing GFP ( Table  3 ). Thus, expression of SIAH-2 PD in an aggressive lung cancer cell line, A549, statistically significantly inhibited the growth of lung tumors in athymic nude mice.
To better understand the mechanism of SIAH-2 PD -mediated tumor suppression, we examined eGFP and SIAH-2 PD expression in lysates of A549 tumors infected with the corresponding viruses as well as in cell lines that we regenerated from the resected mouse tumors. To examine whether tumor size was dependent on the relative SIAH expression levels, we selected large, medium, and small tumors based on the group average in each treatment group. Immunofl uoresence microscopy confi rmed expression of GFP in a substantial population of the cells derived from tumors of mice injected with pLenti-SIAH-2 PD -GFP -or pLenti-GFP -infected A549 cells ( Figure 8 , C and D , cell line # 1 and # 2, both top and bottom row). Immunoblot analysis of tumor lysates with a FLAG antibody revealed that none of the four independent SIAH-2 PDtumor -derived cell lines expressed SIAH-2 PD and that tumors from mice injected with pLenti-SIAH-2 PD -GFP -infected A549 cells had low residual levels of SIAH-2 PD ( Figure 8, E ) . These results suggested that non-SIAH-2 PD -expressing cells may have a growth advantage over the SIAH-2 PD -expressing counterparts or that the exogenous SIAH-2 PD expression was selectively removed or suppressed in the surviving A549 cell population.
We then subjected the resected tumors to immunohistochemical staining with H & E, the SIAH mAb, and an antibody against the endothelial cell marker vWF to assess tumor cellular morphology and host angiogenesis in the tumor microenvironment. 
Discussion
Given the evolutionary and functional conservation of the RAS signal transduction pathway and the extensive amino acid homology between Drosophila SINA and human SIAH E3 ligases, we hypothesized that the SIAH proteins would be required for RAS signal transduction in human cancer cells and that targeting such a conserved essential downstream component of the EGFR/RAS signaling pathway might be an effective strategy to block tumor growth and cell proliferation. Although the roles of the SIAH-1 and SIAH-2 E3 ubiquitin ligases and the regulation of human SIAH-dependent proteolysis in the context of mammalian EGFR and RAS signal transduction are not well understood, it is likely that the human SIAH proteins might serve a similar role as a downstream pathway component essential for RAS signal transduction as described in Drosophila ( 23 -25 ) . In this study, we demonstrated that both SIAH proteins are expressed in poorly differentiated lung cancers as well as the normal proliferating bronchial epithelial cells, whereas SIAH expression is absent in nonproliferating cells ( Figures 1, A and B ; Figure 2 , A and B ). SIAH expression seemed to be associated with cell proliferation. Furthermore, blocking SIAH-2 function inhibited cell proliferation, promoted apoptosis, suppressed anchorage-independent cell growth, and inhibited tumorigenesis of human lung cancer cells ( Figure 4 , A, C, and D ; Figure 5 , B, C, and D ; Figure 6 ; Figure 8, A and B ) . These effects were achieved using two independent anti-SIAH-2 strategies (dominant-negative SIAH-2 PD expression and SIAH-2-shRNA knockdown) and statistically significantly inhibited cell proliferation in the four lung cancer cell lines tested (BZR, A549, H727, and UMC11 cells). The anti-SIAH-2 -dependent growth inhibitory effects were also independent of K-RAS oncogenic status. SIAH-2 -deficient cells also had reduced MAPK signaling, as shown by a reduction in the phospho-ERK expression level. Because SIAH-2 acts downstream of the RAS/MAPK cascades, the observation that SIAH-2 deficiency inhibits ERK signaling suggests that SIAH-2 might be involved in regulating MAPK activation through a regulatory feedback loop mechanism. Exactly how SIAH-2 -dependent proteolysis in the RAS pathway contributes to neoplastic transformation and tumorigenesis remains to be elucidated. However, our results indicate that the inhibitory effects of reduced SIAH-2 function on the growth of A549 tumors may occur through a SIAH-2 or SIAH-2 substrate-dependent mechanism. This hypothesis is supported by the three lines of evidence presented in this study that suggest that cell proliferation and tumorigenesis depend on the proper function of SIAH-2 E3 ubiquitin ligases in mammalian cells. First, SIAH was expressed in dividing cells, whereas this expression is decreased in nondividing cells ( Figures 1 and 2 ) . Second, inhibiting SIAH-2 function and expression, either through the expression of the dominant-negative SIAH-2 PD or through shRNA-mediated knockdown of SIAH-2 mRNA, inhibited anchorage-independent growth of A549 cells in soft agar and in nude mice ( Figure 6 ). Thus, our data are consistent with the ideas that SIAH-2 is a necessary downstream transducer of mammalian RAS signaling and that SIAH-2 -mediated proteolysis may play a critical role in RAS-dependent neoplastic transformation and tumorigenesis.
Cancer cells have acquired mutations in key signal transduction pathways that result in a systematic increase of elasticity, connectivity, and adaptability of their signaling networks through which they are able to embed, thrive, and ultimately proliferate in their hosts ( 59 ) . As a result, it is extremely diffi cult to kill cancer cells without infl icting general toxicity to normal cells. Nevertheless, one distinctive feature that is common to all cancer cells is increased cell proliferation. The EGFR/RAS/RAF/MAPK pathway is one such pivotal signal transduction pathway that drives cell growth, proliferation, and survival in all cells, including cancerous ones. Cancer cells depend on activated RAS/RAF/MEK/MAPK signal transduction cascades for accelerated cell proliferation and tumor growth: without proper RAS signaling, cancer cells cannot survive. Thus, the RAS signal transduction cascade represents a fundamentally important signaling connector/transmitter centrally located within the cellular signaling network that allows for maximal cross talk and bifurcation, as well as feedback loop control ( 59 ) . The RAS pathway, as a signaling hub and an engine that drives cell proliferation, is known to interact directly or indirectly with almost all the other major signaling pathways known to date. Due to the network rewiring, extensive cross talk, and systematic redundancy of the RAS signaling transmission, it has proven to be diffi cult to design effective strategies to block this important and well-connected signaling pathway in cancer without incurring systematic toxicity to the normal cell population. Despite these diffi culties, targeting the RAS pathway within the context of the elaborate cancer signaling network remains a relevant and an important strategy in the fi ght against cancer.
The normal bronchial epithelial cells and lung cancer cells showed differential sensitivity for the anti-SIAH-2 agents. The BEAS-2B and BZR cells are a good matching pair to illustrate the differential sensitivity for anti-SIAH agents in cell growth inhibition in normal vs tumor cells ( Figure 6, A and B ) . The effective cell growth inhibition of anti-SIAH-2 agents observed in lung tumor and cancer cells but not in normal epithelial cells ( Figure 6 ) does not imply that the anti-SIAH -mediated growth inhibitory effect is dependent on oncogenic RAS status. Although we hypothesized that SIAH loss of function would impede MAPK signaling through a negative feedback loop control mechanism, it is conceivable that anti-SIAH molecules may exhibit preferential inhibitory effects on augmented RAS/ERK signaling depending on the intrinsic pathway activation and/or oncogenic RAS addiction in tumor cells. Because SIAH is a necessary downstream pathway component, it is not surprising that the SIAH function is essential and necessary for activated RAS/RAF/MEK/ERK signal transduction in tumor and cancer cells.
On the other hand, we did not detect obvious differences in the effi cacy of anti-SIAH-2 -dependent inhibition on cell growth and anchorage-independent colony formation in human lung cancer cells that differed in activated K-RAS status (ie, A549 with oncogenic K-RAS vs UMC11 with wild-type RAS). UMC11 cells do have an elevated ERK activity despite wild-type RAS and RAF status ( Supplementary Figure 2 , B , available online), indicating that the growth-promoting ERK signaling pathway is partially or fully activated in lung cancer cells, directly or indirectly, through some other mechanisms independent of RAS, such as signaling bifurcation and cross talk with other oncogenic or tumor suppressor signaling pathways that may activate the MAPK pathway. Hence, as an essential downstream pathway component, SIAH-2 function may be pivotally important for transmitting accelerated tumor growth and cell proliferation signals from the activated EGFR/RAS/RAF/MEK/MAPK signal transduction cascades in lung cancer cells, regardless of the K-RAS status.
SIAH-2 function appears to be necessary for cell proliferation and tumorigenesis of human lung cancer cells. By blocking endogenous SIAH function using these two approaches (dominant-negative SIAH-2 PD and SIAH-2 shRNA knockdown), we could reduce ERK signaling and cell proliferation, induce apoptosis, suppress colony formation in soft agar, and inhibit tumorigenesis of human lung cancer cells in vivo ( Figures 3 -6 ) . The results demonstrated that SIAH-2 -dependent proteolysis is critical for certain aspects of MAPK signaling, cell proliferation, and tumorigenesis. In addition, the similar effects of SIAH-2 shRNA knockdown and SIAH-2 PD expression on lung cell growth in soft agar and ERK signaling support the specifi city of anti-SIAH-2 molecules and demonstrate their potential anti-tumorigenic effects in lung cancer. Further, reduction of phospho-ERK signal upon inhibition of SIAH-2 function suggests that SIAH-2 or SIAH-2 substrates may be a part of a regulatory feedback loop involved in controlling RAS-activated RAF/MEK/MAPK signaling in human lung cancer cells. Exactly how SIAH-2 defi ciency impedes ERK signaling remains to be further determined.
SIAH-2 may be a novel anti-RAS and anticancer target in lung cancer. The extent of SIAH-2 PD -dependent reduction of ERK signaling was comparable to those of the MEK inhibitors (PD98059 and U0126) ( Figure 7 ). A549 cells treated with MEK inhibitors at the high inhibitor concentrations did not trigger apoptosis, whereas SIAH-2 PD expression did, suggesting that the presence of SIAH-2 PD protein may be toxic to lung cancer cells ( Figure 5 ). These fi ndings suggest that anti-SIAH-2 molecules may have potential to become a new anticancer agent. If we can combine anti-EGFR and/or anti-RAS therapy with anti-SIAH-2 therapy, we may be in a position to block the activated EGFR and RAS signaling and thus control lung tumorigenesis by simultaneously inhibiting both the upstream and the downstream components of the RAS pathway.
One experimental caveat is that the phospho-MEK or phospho-ERK expression levels have shown some fl uctuations in these experiments due to the sensitivity of MEK and ERK signaling to alterations in cell density, cell confl uency, and the dynamic time course in response to the lentiviral infection system that was used to deliver anti-SIAH-2 molecules into these cancer cells. Viral infection is known to induce p38 and JNK signaling that can cross-activate the ERK pathway as a part of innate immune host response to viral infection ( 60 , 61 ) . SIAH-2 defi ciency decreases ERK signaling, whereas viral infection may induce ERK activation in a dynamic fashion. These are two opposing forces at work. Although we have carefully controlled for this effect by using the pLenti-GFP virus as the control group, the dynamic time course and signaling interplay are the key parameters in dictating phospho-ERK expression level in a given cell population under each infection condition.
How best to inhibit activated EGFR/RAS signaling has been an intense area of investigation in the fi eld of lung cancer biology for many years. Blocking hyperactivated EGFR function at the cell surface is one logical approach. However, neither small-molecule inhibitors of EGFR nor antibody-based anti-EGFR therapies have dramatically improved the survival of lung cancer patients when administered as single agents or in combination with standard chemotherapy ( 15 -21 ) . Targeting the most downstream component of the EGFR/RAS signal transduction, SIAH-dependent proteolysis, may be another logical approach for treating cancer. SIAH-based antineoplastic therapy may be a potentially attractive strategy because blocking the ultimate effector downstream of EGFR, RAS, RAF, and MAPK may prevent signaling redundancy, systematic rewiring, or cross-talking downstream of EGFR/RAS that overcome the anti-EGFR inhibition attempts at the cell surface. Targeting the SIAH family of E3 ligases may give rise to novel anticancer therapies and contribute to our understanding of the role of RAS-regulated and SIAH-2 -dependent proteolysis in lung cancer.
This study provides initial evidence demonstrating the importance of downstream SIAH-2 -regulated proteolysis in the RAS signaling pathway in the genesis of human lung cancer. The fact that inhibition of SIAH-2 enzymatic activity impaired the ability of highly aggressive human lung cancer A549 cells to form colonies in soft agar and form tumors in nude mice in vivo raises a possibility that targeting SIAH-2 may be a viable anticancer therapeutic option. Indeed, blocking expression of endogenous SIAH-2 resulted in a marked increase in apoptosis in lung cancer cells, suggesting that lung cancer cells may be particularly sensitive to alterations in the SIAH-2 -dependent proteolytic machinery, which is required for proper RAS signal transduction. The fact that SIAH E3 ligases are enzymes makes them potentially amenable to screening strategies for small-molecule inhibitors, and because normal adult lung cells are largely nonproliferative and thus less sensitive toward anti-SIAH-2 agents, SIAH-based inhibitors should result in limited adverse effects to healthy neighboring cells and noncancerous tissues. Ultimately, we hope that the next generation of small-molecule inhibitors aimed at targeting SIAH-2 -mediated proteolysis in RAS signal transduction will yield highly selective therapeutics that could halt the progression of human lung cancer and save the lives of millions of individuals with this often-fatal disease.
The limitations of this study include the use of human lung cancer cell lines and nude mice as a preclinical model of human malignancies. First, cancer cell lines and immunocompromised mouse models of cancer do not always refl ect the heterogeneity and complexity seen in human tumors. Furthermore, tumor growth in athymic nude mice may not necessary recapitulate the pattern of tumor growth that occurs in humans due to immune surveillances. Second, we used a viral vector to deliver the anti-SIAH-2 agents such as shRNA and dominant-negative form of SIAH-2 into the tumor cells in order to block the endogenous SIAH-2 functions. The use of viral vectors in clinical application remains rather limited due to the immunotoxicity and mutagenesis risks associated with viral-based gene-delivery methods in cancer patients. Future development of small-molecule inhibitors against SIAH-2 protein may help us to overcome the delivery issues of the viral-based anti-SIAH molecules. Third, our study did not explain why lung cancer cells were killed by anti-SIAH-2 molecules. The mechanisms underlying anti-SIAH-2 -dependent growth inhibition on cell proliferation and tumorigenesis in human lung cancer cells remain to be elucidated and the roles of SIAH E3 ligases in the RAS signal transduction pathway remain to be defi ned. Finally, the relevance and effi cacy of the anti-SIAH-2 -based anticancer therapies in human lung cancer patients remains to be determined.
